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I
n order to protect stand, the torii of Baosteel Φ 1 300 mm
roughing mill installs liner [1]. The interval between liner and
bearing chock is 1.3 mm, and the liner needs to be replaced when
the gap gets too large. Because the service condition of the
roughing mill is severe, and the impact of roll on the roughing
mill torii is high, the wear of liner is very serious [2]. Recently,
complex wear resistant liners that consist of A3 steel plate and
multi-element low alloy wear resistant steel (MLAWS) were
successfully designed and studied. Under the condition of hot
rolling, the microstructure of MLAWS is pearlite, offering
relatively high strength and toughness, but low hardness and poor
wear resistance. In order to improve the wear resistance of the
Abstract: The paper has studied the mechanical properties and heat treatment effects on multi-element low alloy
wear-resistant steel (MLAWS) used as a material for the liner of rolling mill torii. The results show that when quenched
at 900-920ņ and tempered at 350-370ņ, the MLAWS has achieved hardness above 60 HRC, tensile strength
greater than 1 600 MPa, impact toughness higher than 18J/cm2 and fracture toughness greater than 37 MPa Ą m1/2.
When the quenching temperature is lower than 900ņ, the hardness of the MLAWS increases with the temperature.
When the quenching temperature is higher than 900ņ, the hardness decreases with the increase of temperature. At
a quenching temperature below 920ņ, the effect of quenching temperature on the impact toughness is not obvious.
In quenching at above 920ņ, impact toughness decreases as the temperature increases. When the tempering
temperature is exceeding 450ņ, the hardness begins to decrease significantly. Tempering at 350ņ has produced
the best wear resistance on the MLAWS.
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liner, the influences of heat treatment on the mechanical
properties and wear resistance of working layer material of the
complex liner have been investigated. This provides references
to the heat treating procedure for the complex liners, and
consequently, excellent results have been obtained in application
of the complex liners.
1 Experimental details
The MLAWS material was melted with an electric arc furnace, and
samples were taken from the hot rolled steel with thickness of 12
mm. The chemical composition of the sample is given in Table 1.
Table 1 The chemical composition of sample, wt.%
C
0.6-1.0
Si
0.5-1.0
Mn
0.8-1.2
Cr
0.5-1.5
Ni
0.4-0.6
Mo
0.4-0.8
B
0.005-0.015
Y
0.05-0.10
K
0.05-0.15
Na
0.05-0.15
S
ļ 0.003
P
ļ0.003
The heat treatment of the sample was performed in a high
temperature box resistance furnace. Impact toughness (αk) was
tested in a JB30A type impact testing machine with un-notched
specimen in the dimension of 10 mmġ10 mmġ55 mm. The
fracture toughness (K1c) was evaluated under an Instron 1251
type fatigue testing machine using 10 mm ġ10 mmġ55 mm
specimens breached at 0.2 mm in depth and 2 mm in width. The
hardness was measured with a HR-150A sclerometer. A WE-30
type universal testing machine was used to determine the tensile
strength Rm, the percentage elongation after fracture A and the
percentage reduction of area Z, using 10 mmġ 10 mmġ 150
mm specimens and with 100 mm span. The wear resistance of
samples was tested in a MM-200 type testing machine using 10
mm ġ10 mmġ20 mm of specimen.
The opposite wear sample was the quenched 40Cr (steel) in
Φ 45 ġ 10 (mm) size and 52-55HRC hardness. The testing
period was 240 min under a load of 250 N and rotational speed
of 400 RPM.Research & Development
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Table 2 The critical points of tested steel, ņ ņ ņ ņ ņ
Ac1
782
Ac3
845
Ms
294
Mf
98
Effect of quenching temperature on
strength and hardness of MLAWS
Fig. 2
Fig.1 Effect of cooling manner on hardenability
2 Results and discussion
2.1 Effect of quenching/cooling on
      hardenability
In order to obtain the suitable heat treating parameters, the basic
characteristics of MLAWS was examined first to determine the
critical points of MLAWS using a Gleeble-1500 testing machine
under expansion method with sample size of Φ 8ġ60 mm. The
test results are shown in Table 2.  The austenite grain size of the
MLAWS was grade 8-9 when heated/soaked at 920ņ for 6 hours.
This indicates that when heated/held at 920ņ, the grain sizes of
MLAWS are very small, and its growing tendency is also quite
low.
The influence of quenching/cooling approaches on the
hardenability of MLAWS is shown in Fig.1. Due to the presence
of many alloy elements promoting hardenability, the MLAWS
has excellent hardenability, and it can be hardened under the
condition of fog cooling/quenching. Because of its relatively high
carbon content, the MLAWS has poor heat conductivity and (high
temperature) plasticity, and it is prone to produce crack under
water quenching and oil quenching conditions.
2.2 Effect of quenching temperature on
      mechanical properties
The effects of quenching temperature on tensile strength and
hardness of the MLAWS are shown in Fig.2. When quenching
temperature is lower than 900ņ, the hardness increases with
the increase of temperature, while the hardness starts to drop
with further increase in quenching temperature above 900ņ.
The MLAWS has excellent hardenability in the temperature range
of 860-940ņ. When the quenching temperature is relatively low,
the contents of carbon and alloying elements dissolved in high-
temperature austenite are also relatively low, which results in
the formation of pearlite along with bainite and martensite,
leading to low hardness and poor wear resistance [3]. If the
quenching temperature is too high, the contents of carbon and
alloying elements dissolved in the high- temperature austenite
also increase significantly, which increases the stability of matrix
and promotes austenite content in the quenched microstructure,
causing the decrease in hardness instead [4, 5]. While the quenching
temperature is lower than 900ņ, the effect of quenching
temperature on the tensile strength of MLAWS is similar to the
effect of hardness. With the rise of quenching temperature, the
carbon and alloying elements dissolved in high-temperature
austenite increase, and the quenched structure also contains more
carbon and alloying elements, which strengthens the
microstructure and improves tensile strength [6]. So the quenching
temperature has no obvious influence on the tensile strength when
the temperature exceeds 900ņ. At the quenching temperatures
above 900ņ, the carbon and alloying elements dissolved in the
high temperature austenite continue to increase with the increasing
of temperature, and the quenched structures also continues to be
strengthened. But, in this case, stability of matrix increases at the
same time, resulting in the increase of austenite with low strength
in the quenched, and therefore, the above combined effects make
the change in tensile strength not obvious [7].
The effects of quenching temperature on impact toughness and
fracture toughness of MLAWS are shown in Fig.3. When the
quenching temperature is lower than 920ņ, it has no obvious
influence on the impact toughness, while when quenching
temperature is higher than 920ņ, impact toughness slightly
drops. This is mainly because at lower quenching temperatures
(below 920ņ), crystal grains are not easy to grow up due to the
action of more micro-alloy in the steel, and the crystal grains
change not much. In this case, the corresponding quenched
structures are tiny and uniform and the impact toughness can
not be changed obviously [8]. While the quenching temperature
is higher than 920ņ, the crystal grain grows up constantly, and
the impact toughness drops slightly. The effect of quenching
temperature on fracture toughness of MLAWS is not obvious.
This may be explained by that in quenching at above 920ņ,
crystal grains grow up constantly, and the fracture toughness
tends to decrease, but on the other hand, the austenite content in
the quenched structure also increases, which actually improves
the fracture toughness. Therefore, the above two opposite effects
balance out each other and cause fracture toughness not to change
significantly.CHINA FOUNDRY
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Effect of quenching temperature on impact
toughness and fracture toughness of
MLAWS
Fig. 3
Effect of tempering temperature on strength
and hardness
Fig. 4
Effect of tempering temperature on impact
toughness and fracture toughness
Fig. 5
2.3 Effect of tempering temperature on
      mechanical properties
The MLAWS was quenched at 900ņand tempered for 2h at
different temperatures. The influences of tempering temperature
on hardness, tensile strength, impact toughness and fracture
toughness are shown in Figs.4 and 5. When the tempering
temperature is lower than 200ņ, hardness does not change.
Hardness drops slowly as the rise of tempering temperature, and
at 450ņ hardness of sample is reduced by only 5 HRC compared
with the original hardened state. When the tempering temperature
is higher than 450ņ, the hardness decreases significantly with
the rise of temperature. The MLAWS microstructure is
transformed into pearlite from martensite due to high temperature
tempering, leading to obvious hardness reduction [9]. Tempering
temperature has similar effect on the tensile strength of the steel.
Tensile strength drops obviously with the increase of tempering
temperature, but the downward trend of tensile strength is slower
than hardness at above 450ņ. The tensile strength of hardened
steel is relatively low, indicating that the internal stress from
quenching reduces the strength of steel.
With the rise of tempering temperature, the impact toughness
of MLAWS increases. When the tempering temperature is below
294ņ, the toughness value is relatively low because the stresses
from phase transformation cannot be fully released. When the
tempering temperature exceeds 300ņ, tiny ε-carbides precipitate
from the martensite-bainite complex structure, which decreases
the carbon content in the complex structure, and thus the
toughness increases remarkably[10]. When tempering temperature
rises to 400ņ, the amount of ε-carbides reduces gradually, the
retained austenite starts to decompose, and at the same time,
brittle cementite precipitates, which causes the reduction of
impact toughness [11]. With further increase in tempering
temperature, a large amount of cementite is separated out from
the complex structure, which decreases the carbon content in
martensite and bainite, and leads to the increase of the toughness
of matrix. Although the amount of the cementite increases
further, the integration effects are that the toughness of MLAWS
begins to increase when the tempering temperature is higher
than 450ņ. Compared with tempered sample, the impact
toughness of hardened sample is lower, but it still reaches 12 J/cm2,
which indicates that the toughness of the hardened steel is also
improved. The main reason is that the quenched structures contain
tiny dislocation martensite of high toughness, limited bainite and
retained austenite. Similar to impact toughness, the fracture
toughness of the MLAWS varies with the increase of tempering
temperature.
2.4 Effect of tempering temperature on wear
      resistance
Figure 6 shows the influence of tempering temperature on wear
resistance of the MLAWS quenched at 900ņ and tempered for
2 h at different temperatures. In tempering below 300ņ, the
effect of temperature on wear resistance is not obvious. When
the temperature exceeds 300ņ, the wear resistance improves
rapidly and reaches the maximum at 350ņ. With further increase
in tempering temperature, wear resistance drops constantly. This
particular correlation between wear resistance and tempering
temperature relates to the hardness and impact toughness of
MLAWS. In the wear of materials, wear consists of two
components, namely W=Wc+Wf, where Wc is the wear caused
by cutting mechanism and mainly decided by the hardness as
described in formula Wc=K . Wf is the wear caused by fatigue
mechanism and mainly decided by the hardness and toughness
as defined in formula Wf=K , where εf is fracture strain atResearch & Development
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Effect of tempering temperature on wear
resistance
Fig. 6
single axis tensile, which reflects the toughness. When tempered
at 350ņ, both the toughness and hardness of the MLAWS are
high, resulting in better comprehensive mechanical properties
and the best wear resistance. With further increase of temperature,
though the toughness of MLAWS is obviously improved, the
hardness drops by a large margin, so does the wear resistance.
Combining the above mentioned basic research, the optimum
heat treatment techniques for the work layers of wear resistant
compound liner are as follows: fog quenching at 900-920ņ plus
tempering at 350-370ņ.
3 Conclusions
(1) In fog quenching at 860-940ņ, MLAWS has excellent
hardenability, and when the quenching temperature is lower
than 920ņ, it presents great resistance to crystal grain growth.
When quenched at 900-920ņ and tempered at 350-370ņ, fine
martensite, bainite and particle carbide form in microstructure
of MLAWS, resulting in high strength, high hardness, high
toughness and excellent wear resistance. The achieved major
properties are as follows: hardness is greater than 60 HRC,
tensile strength higher than 1 600 MPa, impact toughness above
18 J/cm2 and fracture toughness greater than 37 MPaĄm1/2.
(2) In order to satisfy the use of rolling mill torii liner, the
optimum heat treatment techniques for the  MLAWS are fog
quenching at 900-920ņ and tempering at 350-370ņ.
(3) The complex liner made in above mentioned heat treatment
techniques has been used in the rolling mill torii, showing that
the wear amount is only 0.5 mm after being in service for four
months, and the service life of complex liner is improved by
more than three times.
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